Ion channel missense mutations cause disorders of excitability by changing channel biophysical properties. As an increasing number of new naturally occurring mutations have been identified, and the number of other mutations produced by molecular approaches such as in situ mutagenesis has increased, the need for functional analysis by patch-clamp has become rate limiting. Here we compare a patch-clamp robot using planar-chip technology with human patch-clamp in a functional assessment of a previously undescribed Na v 1.7 sodium channel mutation, S211P, which causes erythromelalgia. This robotic patch-clamp device can increase throughput (the number of cells analysed per day) by 3-to 10-fold. Both modes of analysis show that the mutation hyperpolarizes activation voltage dependence (−8 mV by manual profiling, −11 mV by robotic profiling), alters steady-state fast inactivation so that it requires an additional Boltzmann function for a second fraction of total current (∼20% manual, ∼40% robotic), and enhances slow inactivation (hyperpolarizing shift −15 mV by human, −13 mV robotic). Manual patch-clamping demonstrated slower deactivation and enhanced (∼2-fold) ramp response for the mutant channel while robotic recording did not, possibly due to increased temperature and reduced signal-to-noise ratio on the robotic platform. If robotic profiling is used to screen ion channel mutations, we recommend that each measurement or protocol be validated by initial comparison to manual recording. With this caveat, we suggest that, if results are interpreted cautiously, robotic patch-clamp can be used with supervision and subsequent confirmation from human physiologists to facilitate the initial profiling of a variety of electrophysiological parameters of ion channel mutations.
Introduction
The discovery of hundreds of new ion channel mutations linked to disorders of excitation (George, 2005; Claes et al. 2009; Lossin, 2009 ) presents physiologists with the challenge of functionally assessing their pathophysiological impact because many of these mutations cause disease by changing the channel's biophysical properties. Molecular methods such as in situ mutagenesis for investigating structure-function relationships or the role of specific residues in post-translational channel modifications have further increased the need for functional analysis. Selective amino-acid substitutions, for example, have demonstrated roles for large hydrophobic residues in channel gating (Lampert et al. 2008) , and alanine-scanning (McPhee et al. 1998 ) and cysteine-scanning mutagenesis (Sheets & Hanck, 2007) create multiple channel variants that require electrophysiological characterization.
Biophysical characterization of heterologously expressed ion channels via patch-clamp requires formation of a gigaohm seal between the recording electrode and cell membrane. Recently, higherthroughput electrophysiology platforms, using planar patch-clamp (Ghetti et al. 2007; Dunlop et al. 2008 ) to obtain gigaohm seals have been used to screen compound libraries for channel modulators and lead compound optimization (Trivedi et al. 2008; Castle et al. 2009), and J Physiol 588.11 to screen for off-target (e.g. cardiac) side-effects against channels such as hERG (Tao et al. 2004; Dubin et al. 2005; Brown, 2009) . These automated platforms have been validated against manual patch-clamp with respect to compound potencies (Bruggemann et al. 2003; Kiss et al. 2003) but not with respect to measurement of voltage dependence or kinetics.
Here we compare functional assessment of a newly identified sodium channel mutation by a robotic planar patch-clamp platform with assessment by experienced human patch-clampers. The Na V 1.7 voltage-gated sodium channel is preferentially expressed within dorsal root ganglion (DRG) neurons (Felts et al. 1997; Sangameswaran et al. 1997; Toledo-Aral et al. 1997) , especially nociceptors (Djouhri et al. 2003) , where it sets the gain on pain signalling (Waxman, 2006) . Mutations of Na V 1.7 have been shown to cause inherited erythromelalgia (IEM), a disorder characterized by severe pain in the limbs. These mutations hyperpolarize Na V 1.7 activation, slow deactivation, and enhance ramp currents ). Here we evaluate the capability of a robotic patch-clamp system to assess these and other parameters.
Methods

Exon screening
This study conformed with the Declaration of Helsinki. A 15-year-old Chinese male, without a family history of a pain disorder, was diagnosed with erythromelalgia. Family consent was obtained according to an approved institutional review board protocol, and blood samples were withdrawn and analysed for mutations in SCN9A (sodium channel gene 9A) which encodes the Na V 1.7 channel. Genomic DNA was screened for mutations in SCN9A as described previously (Yang et al. 2004) ; comparison to reference Na V 1.7 cDNA (Klugbauer et al. 1995) identified sequence variation.
Plasmid and stable cell line
For cell transfection, human Na V 1.7 (Klugbauer et al. 1995) was converted to tetrodotoxin resistant (hNa V 1.7 R ) by Y362S substitution (Herzog et al. 2003) , which will be referred to as wild-type (WT) hereafter. The S211P mutation was introduced using QuickChange XLII site-directed mutagenesis (Stratagene, La Jolla, CA, USA). Transfected HEK 293 cells in Dulbeccos's modified Eagle's medium supplemented with 10% fetal bovine serum were treated with genenticin (G418) for several weeks to derive stable cell lines that express the WT and S211P mutant sodium channels. A clonal cell line for each channel that expressed robust Na + current in the majority of cells was selected for biophysical characterization.
Manual electrophysiology
The extracellular solution for whole-cell voltage-clamp recordings contained (in mM): 140 NaCl, 3 KCl, 1 MgCl 2 , 1 CaCl 2 , 10 Hepes, pH 7.3 with NaOH (adjusted to 320 mosmol l −1 with dextrose). The pipette solution contained (in mM): 140 CsF, 10 NaCl, 2 MgCl 2 , 1 EGTA, 10 Hepes, pH 7.3 with CsOH (adjusted to 310 mosmol l −1 with dextrose). Patch-pipettes had a resistance of 1-3 M when filled with pipette solution. The junction potential of 9 mV (calculated by JPcalc included in pCLAMP software) was compensated by setting the holding potential during the seal test period to −9 mV. Once the seal had formed, these two solutions were no longer in contact and the applied potential was correct. Upon achieving whole-cell configuration, the cells were maintained at a holding potential of −100 mV. Pipette and cell capacitance were manually minimized using Axopatch 200B (Molecular Devices, Union City, CA, USA) compensation circuitry. To reduce voltage errors, 80-90% series resistance and prediction compensation were applied. Cells with >3 mV voltage error were excluded from analysis. Recorded currents were digitized using pCLAMP (v.10) and a Digidata 1440A interface (Molecular Devices) at a rate of 50 kHz after passing through a low-pass Besssel filter with a setting of 10 kHz. Na + current recordings began 5 min after achieving the whole-cell configuration.
Data analysis was performed using Clampfit (Molecular Devices) or Origin (OriginLab Corp., Northampton, MA, USA) software. Peak inward currents from activation protocols were converted to conductances using the equation G = I/(V m − E Na ), where G is the conductance, I is the peak inward current, V m is the membrane potential step used to elicit the response and E Na is the reversal potential for sodium (determined for each cell using the x-axis intercept of a linear fit of the peak inward current responses). Conductances were normalized to maximum conductance and fitted with a Boltzmann equation of the form:
where V 1/2 is half-activation potential, G max and G min are maximum and minimum conductance, and k is a slope factor. Peak inward currents from steady-state fast inactivation and slow inactivation protocols were normalized to maximum current and fitted with a Boltzmann equation of the form:
where V m represents inactivating pre-pulse membrane potential. Decaying currents were fitted with a single exponential equation:
where A is fit amplitude, t is time, τ is the decay time constant and I c is the asymptotic current decay minimum. Data are expressed as means ± standard error of the mean (S.E.M.). Statistical significance was determined by Student's t test.
Planar patch-clamp electrophysiology (robotic)
We assessed the PatchXpress robotic electrophysiology platform from Molecular Devices. This incorporates eight MultiClamp 700A dual amplifiers to provide 16 independent simultaneous recordings, digitized by a Digidata1440A. Recordings were obtained using a planar patch-clamp array of 16 wells of 1-2 μm aperture (Sealchip16; Aviva Biosciences, San Diego, CA, USA). Extracellular and intracellular solutions were the same as for manual patch-clamp recordings. Cells were harvested by washing a 100 mm dish of 70-90% confluent stably transfected HEK 293 cells two times with divalent-free PBS, followed by 0.05% trypsin/EDTA, with subsequent detachment of cells with gentle tituration using complete medium to inactivate the trypsin. Cells were pelleted by centrifugation (900 g, 1.5 min) and the pellet resuspended (1 × 10 6 cells ml −1 ) in incomplete DMEM and allowed to recover for 20 min at 37
• C. To minimize possible variations over time in culture, cells stably expressing WT or S211P channels were recorded on the same day.
Computer-controlled capture, gigaohm sealing, and rupture using PatchXpress protocols achieved the whole-cell recording configuration. The liquid junction potential of 9 mV was compensated by specifying the value in the PatchXpress software. To reduce voltage errors, the degree of series resistance and prediction compensation were specified (in advance) in the experimental procedure file at 50% except for the preliminary dataset shown in Fig. 2 when the compensation was set to 80%. This preliminary dataset shown in Fig. 2 was also performed with a holding potential of −120 mV and with no junction potential correction. All the results reported directly comparing the robotic patch-clamp to manual patch-clamp were performed at the matched holding potential of −100 mV and junction potential correction applied. The order, timing and specification of all stimulation protocols were identical to those for manual recording. The signals from 16 cells were multiplexed and then digitized by a single Digidata1440A at a maximal rate of 31.25 kHz after passing through a low-pass Besssel filter setting of 10 kHz under the control of PatchXpress software, which builds upon pCLAMP's Clampex software capabilities. Data were stored and analysed using DataXpress (Molecular Devices) with a structured query language (SQL) database coupled to an enhanced Clampfit allowing automated analysis of recorded data, which can be extracted by criteria and grouped into datasets (e.g. activation trials on a particular channel grouped into a dataset for analysis). Similar to manual analysis using Clampfit, cursor pairs were specified so that measurements (e.g. peak amplitude, time-to-peak and exponential fits to determine kinetics) could be extracted. For analysis of kinetics, however, the positions of the cursors were saved globally for the trial as mandated by the software, whereas for manual analysis the positions of the cursors was adjustable for each sweep of the trial. Although the data sweeps can be exported for analysis in other programs, the analysis of kinetic data in the automated patch-clamp figures are shown as analysed by DataXpress with fixed cursor positions.
Results
S211P mutation
Sequence analysis of SCN9A coding exons demonstrated T-to-C substitution (c.631T>C) in exon 5 in the proband, replacing serine 211 with proline (S211P) near the extracellular N-terminus end of the domain I S4 segment (DI/S4), altering a highly conserved amino acid. The c.631T>C mutation was absent from 200 normal Chinese control alleles, indicating that it is unlikely to be a benign polymorphism.
Parsing of robotic data for analysis
Cells were randomly sealed to the robotic patch-clamp planar chip. A schematic diagram illustrating a planar glass substrate chip is shown in Fig. 1A . Using the robotic apparatus, an aliquot of harvested cells in suspension is added to the well of the chip and a recording is obtained from the first cell to land on the hole without further selection. Manual patch-clamp with a glass micropipette (Fig. 1B) , in contrast, allows for visual selection using criteria such as cell appearance, size and expression of visual markers such as green fluorescent protein. Inherent to the robotic system's recording in this non-selective manner, we found that some cells needed to be excluded from the analysis. Notable examples of excluded cells are shown in Fig. 1 . Interpretable G-V curves that were well fitted by the Boltzmann equation required a well-formed I-V relationship. For these curves, a linear fit between +10 mV and +30 mV determined the reversal potential (E Na ) for transformation of the I-V curve into a G-V curve (Fig. 1C) ; cells with G-V curves that did not match this criterion were excluded. In addition to recording from cells that a human physiologist would accept for analysis, the robotic device recorded from several groups of cells that experienced human patch-clampers would exclude. Additional exclusion criteria included (i) cells showing oscillations or ringing due to poorly adjusted series J Physiol 588.11 resistance compensation that did not yield well-formed I-V curves (Fig. 1D) ; (ii) cells showing contamination by slowly gated outward currents (Fig. 1E) ; (iii) cells with small peak inward current (<350 pA); and (iv) cells having large (>15 mV) uncompensated series resistance error. Each of these groups of cells yielded poorly formed I-V curves and, if encountered by human patch-clampers, would have been eliminated from further analysis.
A preliminary data display, in which PatchXpress produced a dataset from all recorded WT cells (n = 64) with activation protocol data recorded using series resistance compensation of 80% is shown in Fig. 2A , with each cell plotted as a coloured line and averages of all data at each potential plotted as filled circles. When the analysis was performed on each cell to fit a Boltzmann relation, the mean V 1/2 was −9.3 ± 14 mV with a slope factor k of 7.3 ± 2.2.
We next filtered this unselected cell population by sequentially eliminating each of the groups of cells that would have been eliminated by experienced human patch-clampers. Manual elimination of oscillating cells in this dataset removed 17 of 64 recorded cells (Fig. 2B) . Since most oscillating cells showed current at all potentials, the average was improved by reducing the offset at subthreshold potentials. After elimination of oscillating cells, the mean V 1/2 was −24.5 ± 3.1 mV and k = 6.3 ± 0.7 (n = 47). Subsequent removal of an additional 17 cells with peak currents <350 pA (Fig. 2C ) yielded a mean V 1/2 of −24.4 ± 4.3 mV, k = 5.0 ± 0.6 (n = 30). Finally (Fig. 2D) , removing cells contaminated by other currents (9 of 64 cells), and with uncompensated series resistance error ≥15 mV (6 of 64 cells) gave a mean V 1/2 of −27.1 ± 1.7 mV, k = 6.0 ± 0.4 (n = 15).
As a measure of whether there are criteria that might be automatically substituted for operator-selected cell elimination by visual criteria, cells were alternatively selected based on the linear fit for E Na (Fig. 2E) . Values of E Na are determined on a cell-by-cell basis by fitting a straight line to the linear portion of the I-V curve (usually between +10 mV and +40 mV). D, some cells were not appropriate for analysis because of oscillations due to incomplete series resistance compensation tuning. Data sweeps show oscillatory behaviour for the illustrated cell. E, example of other cells excluded because they were contaminated by uncharacterized currents that distort the I-V relation; a left-shifted reversal potential for this cell.
The criterion that +40 mV ≤ E Na ≤ +90 mV (mean E Na + 65 mV) eliminated most of the oscillating and outward current-contaminated cells. Although use of this criterion did not remove all of the small-peak-current cells, it yielded a mean V 1/2 of −26.6 ± 1.7 mV, k = 6.3 ± 0.6 (n = 28), close to the value achieved by manual elimination of problematic cells as described above.
Figure 2. Parsing of robotic patch-clamp data
A, normalized I-V relations of a preliminary dataset of Na V 1.7-WT cells recorded by robotic patch-clamp are displayed as coloured lines. B, the first selection criterion removed oscillating cells (in this dataset, 17 out of 64 cells). C, the next selection criterion removed cells with peak currents <350 pA (17 out of 64 cells). D, a final set of cells for analysis was obtained by removing cells contaminated by other currents (9 out of 64 cells) and cells whose uncompensated series resistance error exceeded 15 mV (6 out of 64 cells). E, based on the linear fit for E Na , the criterion that +40 mV < E Na < +90 mV (average E Na , +65 mV) removed most of the oscillating and outward-current-contaminated cells but did not remove all of the cells producing <350 pA currents. F, comparison of the average I-V curves as criteria are applied.
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Voltage-clamp recordings
To compare manual and robotic patch-clamp, whole-cell voltage-clamp recordings were performed on clonal cell lines stably expressing WT or S211P channels. Voltage-clamp recordings on the robotic platform were matched to the manual recording protocols with the exception that series resistance compensation was reduced to 50% to minimize the number of oscillating cells. Activation properties were measured by applying 100 ms test pulses to potentials between −80 and +40 mV in 5 mV increments. Manual (Fig. 3A and B, representative traces) and robotic ( Fig. 3C and D, representative traces) recordings displayed similar inward currents, but the average peak inward current for S211P cells was significantly smaller compared to WT cells (Table 1 ).
Figure 3. Activation properties
A-D, typical data traces recorded from HEK 293 cell lines expressing the WT or S211P mutant channels. Current densities from the S211P-expressing cell line were lower than in the WT cell line (note relative sizes of vertical scale bars). For display purposes the traces were digitally filtered to 2 kHz. E, peak current-voltage data are normalized to I MAX for each cell, then averaged, and plotted as a function of test potential. Manual data for S211P are shown using black squares (n = 24) and manual data for WT using red squares (n = 18). Robotic S211P data are shown using green circles (n = 16) and robotic WT data using blue circles (n = 59). Error bars are ± S.E.M. F, the conductance-voltage curves derived from the I-V data as described in the Methods and normalized to the value of G max derived from the Boltzmann fit are averaged and plotted as a function of test potential. Error bars are ± S.E.M. −6.9 P = 0.08 −9.7 P = 0.08 Mean fast inactivation slope minor 12.7 ± 0.6 9.9 ± 1.0 18.4 ± 2.8 13.7 ± 2.4 Change from WT 2.8 P < 0.05 4.7 n.s. Fraction (minor/total) (%) 27 ± 2 2 5 ± 5 5 4± 5.2 43 ± 4.1 Repriming at −100 mV (ms) 45.3 ± 4.0 50.5 ± 10.5 20.2 ± 8.0 27.6 ± 6.2 Change from WT (ms) −5.2 n.s. −7.4 n.s.
Slow inactivation
Mean slow inactivation V 1/2 (mV) −92.9 ± 2.3 −77.8 ± 3.7 −94.1 ± 1.3 −79.7 ± 1.7 Change from WT (mV) −15.1 P < 0.001 −14.4 P < 0.001 Mean slow inactivation slope 7.5 ± 0.6 14.1 ± 1.3 6.3 ± 0.4 8.4 ± 0.4 Change from WT 6.6 P < 0.001 2.1 P < 0.05 Ramps Mean slow ramp peak amplitude (%) 1.59 ± 0.15 0.78 ± 0.12 1.47 ± 0.47 1.04 ± 0.26 Change from WT 2-fold P < 0.05 1.5-fold n.s. Mean slow ramp voltage at peak (mV) −62.6 ± 1.1 −52.2 ± 1.5 −48.1 ± 5.5 −43.6 ± 3.8 Change from WT (mV) −10.4 P < 0.001 −4.5 n.s.
Activation voltage dependence.
After data parsing, we determined activation voltage dependence by transforming I-V curves (Fig. 3E) into G-V curves as described in Methods. The G-V curve was fitted for each cell to a Boltzmann function, giving V 1/2 and slope factor (k) of the voltage-dependent response. For cells recorded manually, comparison of averages of normalized G-V curves for WT and S211P cells (Fig. 3F ) revealed a hyperpolarizing shift of activation V 1/2 by the S211P mutation of 8 mV, compared to WT (Table 1) . Robotic patch-clamp also J Physiol 588.11
Figure 4. Channel kinetics
A, the averaged time-to-peak of the inward currents (S211P manual, black symbols (n = 24); S211P robotic, green symbols (n = 14); WT manual, red symbols (n = 18); WT robotic, blue symbols (n = 28)) measured from the activation protocol. B, the kinetics of current inactivation following the time-to-peak are fitted with a single exponential function. The average inactivation rate 'τ ' from the fits at each pulse potential are plotted. C, deactivation kinetics are derived revealed a hyperpolarizing shift of activation V 1/2 by the S211P, although the magnitude of the shift (11 mV) was larger (Table 1) .
Time-to-peak and inactivation rate. Examination of mean time-to-peak (Fig. 4A ) revealed a small decrease for S211P currents compared to WT currents. Manual patch-clamp showed significantly faster time-to-peak of S211P, compared to WT, channels between −55 mV and −30 mV, while robotic patch-clamp showed a faster time-to-peak for S211P over a smaller range of −55 mV and −45 mV. We also examined inactivation kinetics (Fig. 4B) . Single exponential fits of current decay (used as a measure of time constant) showed that S211P channels tend to inactivate slightly faster over the range of −55 mV to −40 mV irrespective of whether recorded manually or robotically. Comparison of Fig. 3A and B with Fig. 3C and D indicates that activation and inactivation kinetics are faster in the robotically collected data. This may be due to the increased temperature of the robotic recording array, which averaged 4-6
• C above ambient (25.4 ± 0.9 • C), possibly due to the heat of 16 head-stages mounted below the planar patch-clamp array.
Deactivation. Deactivation was measured by pulsing to 0 mV to open Na
+ channels with duration just long enough to reach peak current (0.4 ms), followed by hyperpolarizing steps of 40 ms to monitor current decay as channels re-close. While manual patch-clamping revealed a small slowing of deactivation in S211P cells (Fig. 4C) , this difference was not apparent in robotic measurements. Once again, elevated temperature of robotic recordings is predicted to contribute to the observed faster kinetics, which may have obscured slowed deactivation of the S211P mutant.
Fast inactivation. A sag in the fast inactivation data more negative than −100 mV for S211P cells studied by manual patch-clamp suggested the need for a double Boltzmann function (Fig. 5A ). This sag is more pronounced in the robotically collected data. In both datasets, mean V 1/2 and k for the major component of fast inactivation for S211P channels were unchanged compared to WT (Table 1) . Although the V 1/2 for the minor component of S211P is more hyperpolarized than WT, it did not reach statistical significance for either manual or robotic data. Slope factor for the minor component of S211P fast inactivation was shallower than WT, reaching statistical significance for from single exponential fits to tail currents recorded in response to brief activating pulses (−20 mV for 0.4 ms) followed by a repolarization to the indicated potential. The time constants are averaged and plotted. Error bars are ± S.E.M. the manually collected data. The fraction of the minor component was significantly larger (P < 0.05) for robotic data (40%) compared to manual data (20%); this disparity may reflect the effect of higher recording temperature in the PatchXpress on recovery from slow inactivation of the channels at potential more negative than −100 mV.
Slow inactivation. Slow inactivation of Na v 1.7 develops over a much longer time frame (1-10 s) than fast inactivation (10-100 ms). Both manual and robotic analysis showed that slow inactivation was enhanced for S211P channels (Fig. 5B) . Boltzmann fits for manually derived data revealed a hyperpolarizing shift of slow inactivation V 1/2 (15.1 mV) and steeper slope for S211P channels. The fraction of channels resistant to a 30 s conditioning pulse was reduced from 6.7 ± 2.2% for WT to 2.4 ± 0.6% for S211P. Boltzmann fits for robotically derived data revealed a similar hyperpolarizing shift in slow inactivation V 1/2 (14.4 mV) and steeper slope for S211P channels. The fraction of channels resistant to a 30 s conditioning pulse was reduced from 6.0 ± 2.0% for WT to 3.1 ± 1.5% for S211P.
Ramp responses. We evaluated responses of WT and S211P channels to small slow depolarizations using a ramp protocol which steadily increases from a −100 mV holding potential to +20 mV over 600 ms (0.2 mV ms −1 ). This slow rate fully inactivates most sodium channel isoforms, but wild-type Na V 1.7 and many disease-causing Na V 1.7 mutations respond by conducting a current.
To compare between cells, responses are normalized to peak inward current. Manual patch-clamping (Fig. 6A) clearly demonstrated an enhanced ramp response of S211P-expressing cells which averaged 1.59%, 2-fold larger than WT-expressing cells (0.78%). Robotically acquired responses to ramp protocols (Fig. 6B) were degraded compared to manual patch-clamp because of increased leak and noise. Although ramp responses were detectable in robotic recordings, with an average ramp response of S211P-expressing cells of 1.5%, this 1.5-fold increase over the WT response (1.0%) did not reach statistical significance.
Recovery from inactivation. Recovery from inactivation (repriming) was measured using a two-pulse protocol, varying interpulse interval and interpulse potential. Cells were first pulsed to 0 mV for 20 ms to allow complete fast inactivation and then repolarized to a specified potential for a range of durations to allow channel recovery, quantified as the ratio of the current evoked by the second pulse to 0 mV compared to the response to the first pulse. There were no significant differences in the rates of recovery between S211P and WT recorded by manual patch-clamp ( Fig. 7A and B) or by robotic patch-clamp ( Fig. 7C and D) .
Discussion
We have compared robotic patch-clamping (Randall et al. 2006; Dunlop et al. 2008; Milligan et al. 2009 ) with manual patch-clamp analysis to assess biophysical changes produced by a previously undescribed sodium channel Nav1.7 mutation. Previously described Figure 5 . Inactivation properties A, the fast inactivation protocol consists of a 500 ms conditioning pulse followed by a 40 ms test pulse to 0 mV to open the fraction of available channels. While performing Boltzmann fits of the data, it became clear that the droop at the conditioning potentials more negative than −80 mV necessitated a double Boltzmann function (S211P manual, black symbols (n = 24); S211P robotic, green symbols (n = 14); WT manual, red symbols (n = 18); WT robotic, blue symbols (n = 28)). B, the slow inactivation protocol consists of a 30 s conditioning pulse followed by a 100 ms pulse to −120 mV to recover from the fast inactivation state and then pulsed to 0 mV for 50 ms to activate the fraction of available channels (S211P manual, black symbols (n = 8); S211P robotic, green symbols (n = 11); WT manual, red symbols (n = 4); WT robotic, blue symbols (n = 16)). The S211P data shows a reduced availability at all potentials compared to wild-type. In addition, the S211P channels show a reduced fraction of channels that are resistant to slow inactivation at potentials more positive to −40 mV.
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IEM mutations hyperpolarize activation and slow deactivation, and in many cases enhance the Na V 1.7 ramp current . While all of these changes can contribute to DRG neuron hyperexcitability, the activation shift appears to be the largest contributor ). Here we show that a robotic patch-clamp and a manual patch-clamp both demonstrate that the newly identified IEM mutation S211P significantly hyperpolarizes activation. Manual patch-clamping demonstrated slowed deactivation and enhanced ramp current in S211P, while these parameters did not reach statistical significance with the robotic device that we tested, possibly because of reduced signal-to-noise ratio of the smaller currents recorded and the elevated recording temperature of the robotic platform. While the limitations that we observed may apply primarily to the specific planar patch-clamp platform that we evaluated, PatchXpress, they illustrate potential limitations that may apply more generally to robotic patch-clamp instruments, and underscore the need for validation of each measurement and protocol.
Robotic and manual patch-clamping both demonstrated a large shift of slow inactivation to more hyperpolarized potentials in S211P, which may contribute to appearance of a second Boltzmann component in fast inactivation. This may be due to a fraction of channels recovering from the slow-inactivated state at the holding potential of −100 mV, which is greater for the S211P mutant, compared to WT channels. It is possible that the larger second phase recorded robotically in fast inactivation is due to a temperature-enhanced reversal of this slow inactivation during the 500 ms conditioning pulse of the fast inactivation protocol. This result is consistent with earlier studies showing that while most IEM mutations do not effect fast inactivation , some IEM mutations enhance slow inactivation (Cummins et al. 2004; Choi et al. 2006) . Enhanced slow inactivation would be expected to decrease DRG neuron excitability, but not to a degree that overcomes the shift in activation which has been shown ) to be sufficient to induce hyperexcitability.
The robotic instrument that we tested demonstrated shifts in activation voltage dependence and slow inactivation in mutant channels that were qualitatively similar to those obtained from manual patch-clamping, but did not reveal, at statistically significant levels, the slowed deactivation and enhanced ramp response demonstrated by manual patch-clamp for this mutation and most previously studied IEM mutations . Moreover, while robotic analysis mimicked manual analysis in terms of shifts in activation and fast inactivation kinetics and in repriming, there were differences in absolute values between manual and robotic patch-clamp results, which are likely to be due to differences in ambient temperature, which might be minimized by improved temperature regulation of the robotic platform. Currently, only some robotic patch-clamp devices (Patchliner; Nanion, Germany) are manufactured with optional temperature regulation of the recording chip, and even in these devices the thermal element can only heat from ambient. Thus it is desirable that future versions of robotic patch-clamp instruments implement heating and cooling temperature regulation.
Robotic profiling, which does not screen cells prior to analysis, records simultaneously from multiple cells (16 cells for the device we used, providing throughput that is nominally 16-fold increased). Because cells are recorded randomly without pre-selection by the robotic platform, cells with low current density, which manual patch-clampers would reject, are included in the pre-parsing robotic sample, and the lower current level and signal-to-noise level impact the population of cells that can be analysed. Thus the observed average current densities of manual and robotic datasets may not be directly comparable. Optimization of growth and cell harvesting protocols might reduce the number of cells that are recorded with poor seals and/or small currents.
When high series resistance compensation was used for robotic recording, 27% (17/64) of cells became unstable and oscillated. With the robotic device that we used, series resistance compensation for the robotic system is globally applied to all cells. Unlike manual patch-clampers who can optimize compensation for each cell by applying as much series resistance compensation as possible before onset of oscillations, the robotic device captures a larger number of cells with a lower value of series resistance compensation at which most cells are stable. We found that, with higher series resistance compensation, a criterion window for E Na based on a linear fit eliminated most of the oscillating and outward current-contaminated cells, and yielded an activation V 1/2 close to the value obtained via manual cell selection. It remains to be seen whether this result is generalizable. Irrespective of this, improved seal quality via modified cell handling methods or modified recording solutions might increase the global series resistance compensation value that can be used in robotic recordings.
Figure 7. Recovery from inactivation
A, manual patch clamp. Fast inactivation was initiated by a step to 0 mV for 20 ms from a holding potential of −100 mV, followed by a hyperpolarizing step to a recovery potential that varied in time (2-400 ms) and amplitude (−110 to −70 mV, see legend). The recovery period was followed by a second depolarizing test pulse to 0 mV. For each recovery potential, the peak inward current in response to the test pulse was normalized by the amplitude of the response to the inactivation step and plotted as a function of recovery period duration. The averages for cells expressing S211P channels (n = 7) are shown with error bars ± S.E.M. B, the recovery from inactivation for WT channels (n = 7) are shown with error bars ± S.E.M. C, robotic patch clamp. The same pulse protocols as used for the manual dataset were programmed into the robotic platform. The averages for cells expressing S211P channels (n = 8) are shown with error bars ± S.E.M. D, the averages for cells expressing WT channels (n = 14) are shown with error bars ± S.E.M.
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Robotic data analysis significantly reduced analysis time. For each kind of trial, e.g. activation, incremental time for the robotic system to analyse each cell was on the order of seconds. The robotic system that we tested can analyse, e.g. a dataset with 10 cells in 5 s; a larger dataset of 100 cells would add only 30 s. In contrast, manual patch-clampers often require 1-2 min per cell to perform measurements in Clampfit; including export to an external analysis program such as Origin, each cell requires 5-10 min, so that manual analysis of 10 cells can take ∼1 h and 100 cells would take ∼10 h.
Although the robotic patch-clamp that we assessed appeared to speed physiological characterization and detected some changes in channel function (activation voltage dependence, slow inactivation) that qualitatively matched manually recorded results, it failed to demonstrate statistically significant changes in other parameters (deactivation, ramp current) that we found using manual patch-clamp. While this limitation may apply in the strictest sense to the instrument we evaluated, it suggests that, in general, if robotic patch-clamping is to be used, each measurement or protocol should be validated by initial comparison to traditional, manual recording.
New planar patch-clamp platforms with chip capacities >48 cells may soon become available. Following scrutiny of results by a human physiologist and rejection of several subpopulations of cells that are typically eliminated prior to manual patch-clamp analysis, the yield of useable cells in the robotic system that we assessed was 20-60%. Extrapolating from this estimate of yields, the increase in throughput would be 3-to 10-fold for a 16-hole chip, or 9-to 30-fold for a 48-hole chip. With these cell yields, our results suggest that, with supervision and subsequent confirmation by human physiologists, robotic patch-clamp can provide screening data for selected parameters to facilitate functional assessment of mutant channels. The large number of still-uncharacterized Na V 1.1 (Claes et al. 2009; Lossin, 2009 ) disease-causing mutations, for example, could be assessed at a screening level by robotic profiling of transiently transfected expression constructs into HEK 293 or CHO cell lines. Robotic patch-clamp may also be useful for examining the biophysical shifts in activation and inactivation induced by systematic amino acid substitutions at specific sites (Lampert et al. 2008 ) or alanine-(McPhee et al. 1998 or cysteine-scanning mutagenesis (Sheets & Hanck, 2007) . Refinement of cell growth and harvesting protocols, modification of recording solutions, and/or development of algorithms to select cells after gigaohm seal formation by the robotic apparatus may, in the future, improve signal-to-noise ratio and cell yield. With those modifications and improved temperature control, it is likely that robotic patch-clamp will be able to assess a larger number of channel parameters.
